We introduce a dynamical mechanism which works with expansion of the Universe during inflation to reduce a large cosmological constant. The basic ingredient in this mechanism is the gravitational coupling of the inflaton. Contrary to the standard picture of inflation, the inflaton does not directly couple with the background metric. Instead we assume that the two metric tensors in the gravitational and the inflaton sectors belong to different conformal frames. We show that this anomalous gravitational coupling introduces the conformal factor as a new dynamical field and changes the model to a two-field inflationary model. In this analysis the Universe experiences a power-law inflation (PLI) at early times when a power-law potential is attributed to the inflaton. We argue that, in contrast with the standard PLI, there is no an exit problem in this scenario and that it is not in tension with observations. In particular, we show that the tensor-to-scalar ratio and the primordial tilt are in agreement with recent observations of the Planck satellite.
Introduction
It is possible to address some of the unresolved problems of standard cosmology, such as flatness and horizon problems, if one assumes that the Universe has been passed through an inflationary phase at early times. There are various types of models which generate such an inflationary phase. For instance, old [1] and new [2] inflationary models were based on the assumption that the Universe from the very beginning was in a state of thermal equilibrium and that inflaton (or the Higgs field) acquired a large amount of energy density through spontaneous symmetry breaking of an appropriately chosen effective potential. Chaotic inflation [3] [4] , on the other hand, was based on evolution of different possible distributions of a scalar field without making ad hoc assumptions on the shape of the potential function. While these single-field inflationary models assume that energy density of the Universe is dominated by a sufficiently flat potential of the scalar field, in hybrid [5] and assisted [6] inflationary scenarios inflation may occur even for steep potentials if more scalar fields come into play. Inflation does not provide any explanation for the cosmological constant problem. The latter concerns huge discrepancy between theoretical estimation and observational value of the vacuum energy density [7] . Current observations set [8] an upper bound on vacuum energy density which is equivalent to ρ Λ ∼ 10 −47 GeV 4 , while theoretical predictions are 120 order of magnitude larger than this observational bound. Some inflationary scenarios require such a large vacuum energy density to drive enough inflation. This suggests that the cosmological constant may have not an extremely small value suggested by observations at all times and it may actually have a large value consistent with the theoretical predictions at early times. Along this line of thought one may conclude that there should exist a dynamical mechanism working during evolution of the universe which provides a cancelation of the vacuum energy density at late times [9] . In order that successful parts of the hot big bang model such as the theories of primordial Nucleosynthesis and structure formation remain unchanged, it is convenient that this reduction mechanism takes place at some earlier cosmological stages. In this work, we intend to investigate such a possibility. We focus on the period of inflation and provide a mechanism by which a large cosmological constant reduces during that phase. Our analysis is based on two assumptions. The first one is that there is a large effective cosmological constant at early times. This cosmological term is modelled by a minimally coupled scalar field (the inflaton) whose potential may receive contributions from various fields introduced by particle physics. We do not concern details of such contributions but it may be, for instance, due to spontaneous symmetry breaking in the Higgs sector. The second assumption is related to gravitational coupling of this cosmological term. We will consider the case that this large energy density couples with a metric which is conformally related to the background metric. Due to this anomalous gravitational coupling, the conformal factor appears as a damping factor in the cosmological term which leads to reduction of the latter during inflation. Since the potential of the scalar field does not remain constant and reduces during inflation, the Universe suffers a PLI. In this model, inflation not only solves the horizon and the flatness problems in the same way as the standard picture does, but it also explains how the cosmological constant takes such a small value at late times. We organize this paper as follows: In section 2, we will review the basics of slow-roll inflationary models and PLI. In section 3, we present our model of anomalous gravitational coupling of vacuum density. We will write the field equations and find their exact solutions. We show that the solutions exhibit a PLI for a power-law potential of the inflaton. We also compare the results of the model with recent observations of the Planck satellite. In section 4, we draw our conclusions.
Slow-roll inflation
Standard single-field inflationary models consist of an inflaton field described by the Lagrangian density
The function V (φ) is the corresponding potential. This Lagrangian density together with the Einstein-Hilbert term give the total action functional †
where κ = 8πM
with M p being the Planck mass. The time evolution of the homogeneous mode of the inflaton φ(t) and the scale factor a(t) of a homogeneous and isotropic Universe are governed by
where H =˙a a and the overdot and the prime indicate differentiation with respect to t and φ, respectively. Slow-roll approximation is usually applied by requiring smallness of the parameters [10] 
Smallness of these potential slow-roll parameters justify ignoring the first and the second timederivatives of φ in equations (3) and (4). The approximation ǫ V << 1, which is equivalent to 1 2φ
2 << V (φ), leads to 3H 2 ≈ κV (φ). For φ ≈ const., the scalar field has a constant energy density which leads to a de sitter solution for the scale factor. A non-exponential accelerated expansion may work as well as this standard picture [11] [12] . In particular, power-law expansion corresponds to a(t) ∼ t p and for PLI the constant parameter p must be larger than unity (p > 1). It is well-known that this kind of solution can be found when the scalar field has an exponential potential
) with V 0 being a constant [13] . In this case, (5) and (6) correspond to
Slow-roll approximation requires that {ǫ V , η V } << 1 which gives p >> 1. In exponential inflation, inflation ends when the slow-roll approximation is no longer valid. In PLI, p is a constant and it is not clear that how inflation ends. An exit mechanism should be added to the whole scenario in order that expansion proceeds and joins to the standard hot Big Bang model. Two important quantities that parameterize inflationary models are scalar spectral index n s and tensor-to-scalar ratio r of primordial spectrum which are related to the slow-roll parameters by
In terms of the exponent of the scale factor in PLI, we have
The Planck data are robust to the addition of some external data sets. For instance, the Planck data combination with the Wilkinson Microwave Anisotropy Probe (WMAP) require that the value of n s be in the range n s ∈ [0.94, 0.98] and r < 0.11 [14] . The observational bound on n s can be translated into 0.48 ≤ r ≤ 0.16 which lies above the aforementioned limit on r. This situation is shown in fig.1 by the dashed line which is completely outside of the contour given by Planck+WP data. The lack of existence of a graceful exit from inflationary phase and the tension with observations may be regarded as two important drawbacks of PLI. This encourages people to refine the inflaton Lagrangian density so that the inflationary parameters become consistent with the observational bounds [15] .
The Model
In a gravitational theory, there are two implicit assumptions concerning gravitational coupling of matter systems: First, all types of matter content couple with a unique metric tensor. It implies that all Standard Model fields, in spite of wide variety of physical properties, couple in the same manner to gravity. Second, that metric is the one which describes the background geometry. This universality of gravitational coupling, which is supported by equivalence principle (EP), has many observable consequences [16] and has been verified experimentally many times since Galileo in seventeenth century [17] . One should note that although all EP tests have been done in a limited time interval (about four hundred years since Galileo) the results are extrapolated to total age of the Universe. However, it is quite possible that EP has been violated in some stages during evolution of the Universe. On the other hand, all EP tests are also restricted in the Solar System. It is now well-known that there are some screening mechanisms by which an abnormal (or anomalous) gravitational coupling of matter systems can be hidden from experiments. For instance, if the matter system interacts with a chameleon scalar field [18] , then such an interaction can not be detected in experiments. In this case, the chameleon is heavy enough in the environment of the laboratory tests so that the local gravity constraints suppressed. Meanwhile, it can be light enough in the low-density cosmological environment to have observable effects at large scale. In this work we intent to relax the aforementioned assumptions and to consider an anomalous gravitational coupling. In explicit terms, we consider the case that the two metric tensors in the matter and the gravitational sectors belong to different conformal frames.
Following the standard picture of inflationary models, we consider a minimally coupled scalar field described by the lagrangian density (1). The potential of the inflaton φ may contain large effective masses (coming from various fields in elementary particle physics) corresponding to a large effective cosmological constant. We assume that the inflaton part of the total action belongs to a different conformal frame ‡ , defined bȳ
In general, σ is a smooth, dimensionless and spacetime-dependent function. Therefore, we write the Lagrangian density of the inflaton in the following form
The total action is then
In terms of the background variables (g µν , φ), (15) takes the form
Putting this Lagrangian density into (16), gives
This is the action functional of two dynamical scalar fields with a mixed kinetic term [20] [21] . Such a system is used in Literature to formulate assisted quintessence [22] and to improve dark energy models [21] [23]. One can write
Up to a surface term, the action (18) can then be written as
In a slow-roll regime one expects that
which reduces (20) to
It is important to notice the exponential coefficient in front of the potential function. If σ is an increasing function of time this coefficient acts as a damping factor which reduces any mass scale contributing to the potential. As an illustration, let us consider the following monomial potential
with n and λ being constants and λ << 1. Thus (22) takes the form
Variation with respect to g µν and σ gives the field equations which in a spatially flat FriedmannRobertson-Walker cosmology take the form
where σ has been taken to be only a function of time in a homogenous and isotropic Universe. The solution is
where p = 16πα According to (28), e (n−4)σ is a monotonically decreasing function of time and thus Λ ef f ≡ M 4−n p φ n−2 e (n−4)σ decays during inflation so that Λ ef f ∼ t −2 . This is the same as evolution of radiation and matter energy densities in subsequent phases after inflation in standard cosmological model. Thus our analysis also alleviates the coincidence problem [24] since all energy components have the same evolution as the universe expands. The potential (23) gives
This is plotted in fig.1 for different values of n. The figure indicates that while power-law inflationary model with exponential potential remains outside the region allowed by Planck+WP data in {r, n s } space, the model (24) (23) . The contour is plotted from Planck in combination with WP data and is reproduced from [14] . The dashed line corresponds to power-law inflationary models with exponential potentials.
by the number of e-folding, defined by
Hdt where t i and t e are the times in which inflation starts and ends, respectively. We use (25) and the solutions (27) and (28) to obtain
where p is given by (29). The number of e-folds of growth in the scale factor required to solve the smoothness and flatness problems is N > 60. Inspection of (29) and (34) reveals that this condition is very easy to satisfy. Another relevant issue in an inflationary model is an exit mechanism concerning how inflation ends. As we pointed out earlier, the exit mechanism is a serious problem in a PLI. The reason can be inferred from (7) and (8) since the slow-roll parameters are constant and inflation seems not to be terminated [25] . In our analysis, there is a graceful exit based on decaying of vacuum density as we describe in the following. In slow-roll approximation, the inflaton φ is freezed out and energy density of φ is given by ρ φ ≡ 1 2φ
2 + V e −4σ ≈ V e −4σ . Contrary to the exponential inflation, here ρ φ does not remain constant and decays during inflation. This is a key point which leads to a PLI instead of an exponential inflation. While V e −4σ is reducing, there will be a time in which one can not ignore the kinetic term in ρ φ . In that time, the kinetic and the potential terms are of the same order of magnitude. This is the time that the slow-roll approximation is no longer valid and the inflation ends. When inflation ends, the Universe enters a reheating process during which the inflaton oscillates near the minimum of its effective potential. Due to this oscillation, elementary particles are produced which interact with each other and eventually bring the Universe to a state of thermal equilibrium at some temperature. In this period of reheating, the energy of inflaton is converted into matter and radiation before the Universe reenter the hot big bang model. Even though the model presented here is represented by two dynamical scalar fields, the reheating process is controlled by a single scalar field, namely the original inflaton φ. After inflation the conformal factor nearly takes a constant configuration and kinetic energy of the inflaton, which was frozen out during inflation, is no longer negligible and becomes important. In fact the role of φ and σ are changed during reheating and again the model is reduced to a single-field model. In this case the reheating process proceeds in the same way as the standard picture does. To show this, let us take the time that inflation ends to be identified with t 0 . Then at the end of inflation σ takes a constant value, namely that σ → σ 0 when t → t 0 . In this case, the action (18) is reduced to
where the constant factor e −4σ 0 is absorbed by the potential. Therefore by ending inflation, 1) reheating starts much the same way as the standard picture of inflationary models, 2) the effective cosmological term is Λ ef f ∼ t −2 and evolves just like radiation and matter energy densities in post-inflationary hot big bag model.
Conclusion
Inflation contains a family of different models which try to solve some cosmological puzzles. The standard inflationary models use a minimally coupled canonical scalar field with an appropriately chosen potential function. Even though some of these models are based on existence of a large cosmological constant at early times, they do not provide any explanation for smallness of the latter at late times. In this work we have investigated a single scalar field as inflaton whose potential can receive different mass contributions from various field in Standard Model. Thus it provides a large effective cosmological constant. The gravitational coupling of the inflaton sector is taken to be anomalous which means that the metrics in the gravitational and the inflaton parts belong to two different conformal frames. We have shown that this anomalous gravitational coupling of inflaton has novel features in inflation. We summarize the main results in the following : 1) The conformal factor appears as a new dynamical field and the model provides a theoretical origin for two-field inflationary models presented phenomenologically in Literature. 2) We have found a set of exact solutions for a power-law inflaton potential. In standard PLI with exponential potential there are two important drawbacks: graceful exit problem and the tension with recent observations. Both these issues find natural explanations in our analysis. We have also shown that the values of tensor-to scalar ratio and the primordial tilt are in agreement with Planck+WP data. 3) We have shown that the anomalous coupling gives a damping factor to all mass scales contributed to the effective potential. Thus the model provides a decaying mechanism for reducing a large cosmological constant during inflation. It is interesting that the time evolution of the effective cosmological term is the same as time evolution of radiation and matter energy densities after inflation in the standard hot big bang model. Thus the cosmological coincidence problem is also alleviated.
